The aim of the present study was to transfer resistance to P. capsici alleles at four quantitative trait loci ͑QTLs͒ from a small fruited pepper into a bell pepper recipient line using markers. The marker-assisted selection program was initiated from a doubled-haploid line issued from the mapping population and involved three cycles of marker-assisted backcross ͑MAB͒. Two populations, derived by selfing the plants selected after the first selection cycle, were genotyped and evaluated phenotypically for their resistance level. The additive and epistatic effects of the four resistance factors were re-detected and validated in these populations, indicating that introgression of 4 QTLs in this MAB program was successful. A decrease of the effect for the moderate-effect QTLs and of the epistatic interaction was observed. Phenotypic evaluations of horticultural traits were performed on sample of each backcross generation. The results indicated an efficient return to the recipient phenotype using this MAB strategy.
Introduction
Phytophthora capsici, causing root rot and shoot blight, is one of the most devastating field or greenhouse diseases of pepper worldwide. This soilborne Oomycete is able to attack the plant at any developmental stage causing sudden wilt and the collapse of the plant. Soil chemical treatments have technical limitations and would be progressively banned because of environmental legislations. Breeding for P. capsici resistance remains a challenge. Several sources of resistance were described in intraspecific pepper germplasm but all displayed a partial effect and were found in exotic accessions. Among them, Perennial is an Indian line displaying a polygenic resistance ͑Lefebvre and Palloix 1996͒ but is smallfruited and pungent.
The polygenic resistance to P. capsici was dissected into 4 resistance components using 2 phenotypic tests performed in controlled conditions. Three resistance components ͑REC: receptivity, IND: inducibility and STA: stability͒ were quantitatively evaluated thanks to the stem inoculation procedure and revealed different steps of the adult plant-pathogen interaction ͑Pochard et al. 1976; Pochard and Daubèze 1980͒ . The Root Rot Index component ͑RRI͒ was a semi-quantitative criterion based on the evaluation of the resistance after root inoculation of young plantlets ͑Palloix et al. 1988͒ .
Many pepper breeding programs focused on breeding for resistance to P. capsici into large fruited cul-tivars. However, they were not fully successful since the released varieties displayed only a weak resistance level. In order to enhance the global resistance level, Palloix et al. ͑1990͒ initiated a first phenotypic recurrent breeding scheme to accumulate resistance factors from distinct accessions. A second phenotypic recurrent breeding scheme was set up to transfer the polygenic resistance into a favourable genetic background ͑Palloix et al. 1997͒. Three to six selection cycles enabled to transfer an intermediate resistance level into a large fruited pepper. However, attempts to transfer a higher resistance level decreased the genetic advance for horticultural traits.
The advent of molecular markers enabled to identify the chromosomal regions involved in the variation of the components of the P. capsici resistance of Perennial and to estimate their individual effects. This analysis was conducted using 114 doubled haploid ͑DH͒ lines issued from the cross PerennialϫYolo Wonder ͑YW͒. A total of 5 different genomic regions displayed an additive effect on resistance. Four major epistatic relationships were detected between either additive QTLs or between QTLs involved only in epistatic relationships ͑Lefebvre and Palloix 1996; Thabuis et al. 2003͒ .
Marker-assisted selection appeared as a promising tool for breeding quantitative resistance. Regarding the genetic distance between Perennial and bell pepper accessions ͑Lefebvre et al. 2001͒ , the marker-assisted backcross strategy ͑MAB͒ appeared as the most suitable to transfer a limited number of QTLs. However, given the imprecision around the positions of the QTLs, Hospital and Charcosset ͑1997͒ showed that MAB needed to be optimised for a successful QTL transfer. They proposed a two-fold strategy: ͑i͒ selection for the donor alleles on the carrier chromosomes ͑foreground selection͒ and ͑ii͒ in the remaining plants, selection for the return to the recipient parent ͑background selection͒. Through their theoretical study, they showed that three markers spread along the confidence interval of each QTL enabled an efficient control of the QTLs during the introgression. Once the interval lengths and marker locations were defined, they computed the minimal population size for recovering at least one plant having the entire donor segments for a given type I error.
We conducted a MAB program to transfer favourable alleles at the 4 main QTLs controlling resistance to P. capsici from Perennial accession into YW, a bell pepper line, by taking into account the optimisations from Hospital and Charcosset ͑1997͒. To speed up the breeding process, a DH line from the mapping population, having all the chromosomal regions to be transferred ͑Thabuis et al. 2003͒, was used as the donor parent to initiate the MAB program.
In this paper, we examined ͑i͒ the results of 3 MAB cycles conducted according to the theoretical optimisations, ͑ii͒ the additive and epistatic effects of the transferred segments in validation populations, and ͑iii͒ the impact of the background selection step on the improvement of horticultural traits.
Materials and methods

Plant material and breeding scheme
Backcross populations DH285, a DH line issued from the initial mapping population, was chosen as the donor parent ͑Figure 1͒: it possessed the 4 favourable alleles to be transferred and a YW genome content of 3.6% on the QTL-carrier chromosomes and 43.8% on the noncarrier chromosomes ͑Lefebvre et al. 2002͒ . Two of the favourable alleles to be transferred were linked ͑approximately 20 cM͒ on chromosome P5 so that they were considered as a single segment during the MAB process whereas the 2 others mapped on P2 and P10. To increase the success to transfer favourable alleles at the QTLs, the 3 QTL-carrier chromosomes of the DH285 line are almost entirely of the Perennial phase ͑Figure 2͒. As indicated in Figure 1 , three MAB cycles were performed. The BC 1 , BC 2 and BC 3 populations were firstly screened with markers linked to and in coupling with the 4 P. capsici resistance alleles at the QTLs, and finally for the recovery of the recipient genetic background ͑as described below in molecular analyses͒.
QTL validation populations
Two validation populations were derived from the backcross populations in order to evaluate accurately the QTL effects in the recipient genetic background ͑Figure 1͒. A large progeny, named BC 1 S 1 _AE, composed of 620 plants, was derived by selfing the plant selected after the first MAB cycle, containing the 4 resistance alleles at the QTLs. This population was genotyped with the QTL markers and was evaluated phenotypically for P. capsici resistance level, in order to evaluate QTL additive effects. A second validation population was aimed at evaluating the epistatic relationship between the 2 additive QTLs on P5 and P10. Two BC 1 plants ͑BC 1 _251 and BC 1 _301͒ carrying both segments on P5 and P10 involved in interaction and the most efficient return to the recipient parent were used. A progeny of 620 plants, named BC 1 S 1 _EE, was derived by selfing these two BC 1 plants. It was genotyped with markers of the P5 and P10 QTLs, and assessed for P. capsici resistance level. In addition, the resistance level of the selfed progeny of the selected BC 2 plants ͑BC 2 S 1 ͒ was assessed to evaluate the performance of the MAB strategy.
Resistance evaluation
The moderately aggressive P. capsici strain S101 was used for phenotypic assays ͑Lefebvre and Palloix 1996͒. It was maintained as described by Clerjeau et al. ͑1976͒. P. capsici resistance was evaluated using the stem inoculation test. The plants were decapitated at the 6 th /7 th -leaf stage and a mycelium plug was placed on the fresh section of the stem. The plants were kept in growth chambers under the conditions described in Pochard and Daubèze ͑1980͒. The measure of length necrosis during 21 days supplied 3 resistance components, as described by Lefebvre 
Horticultural trait evaluation
The horticultural traits of samples from each backcross generation ͑BC͒ were evaluated. The BC 1 and BC 2 populations were evaluated in 2000 and 2001. The BC 3 population was evaluated only in 2001. Every year, trials were placed in 2 cultivation conditions: under cold plastic greenhouse conditions from September to January at Almeria ͑Spain͒, and under field conditions from July to November in Sicily ͑Italy͒. For each BC population, 50 sampled plants were evaluated in a complete randomised design of 5 blocks of 10 plants. For the control inbred lines, 5 blocks of 5 plants each were included. The controls were YW, Perennial, and DH285.
The horticultural traits evaluated were the length of the main axis ͑AL in cm, from cotyledon to the 1 st flower͒ and the number of leaves ͑NL͒ on this axis which permitted the calculation of the internode length ͑ILϭAL/NL͒. For the fruit traits, 5 to 10 mature fruits were harvested from each plant and weighted together. The average fruit weight per plant ͑AFW in g͒ was computed. The most representative fruit from each plant was chosen to measure the fruit length ͑FL in mm͒ and fruit width ͑FW in mm͒, the fruit flesh thickness ͑FT in mm͒ and to calculate the fruit shape ͑FSϭFL/FW͒. All these horticultural traits clearly discriminated Perennial from YW.
Molecular data
The DNA was extracted using the microprep protocol described by Fulton et al. ͑1995͒ . For the foreground selection step, 3 to 4 markers ͑3 for QTLs on P5 and P10, 4 for the QTL on P2͒ were used for controlling each segment. One marker was located close to the most likely position of the QTL while the others were controlling the QTL position support interval defined by a LOD drop-off of 1.5 ͑Figure 3͒. A total of 10 markers were used for the selection of the 4 resistance QTLs. Markers included 3 RAPDs ͑further converted into 1 SCAR and 2 CAPSs͒, 5 AFLPs, 1 ISSR and 1 RFLP. The dominant markers used were in coupling with the resistant alleles at the QTLs. The RAPD markers R08_1.9p, C01_1.25p and F11_0.65p, revealed as described by Lefebvre et al. ͑1995͒ , were used for the first MAB cycle. For the two other MAB cycles, R08_1.9p and C01_1.25p were converted into codominant CAPS markers ͑ASC037 and ASC031, respectively͒ whereas F11_0.65p was converted into a dominant SCAR marker ͑ASC035p͒. Five AFLP markers, obtained as described by Vos et al. ͑1995͒ and named E35M61-115p, E37M59-351p, E40M48- Figure 3 . Location on the map 'PY' of the 3 chromosomal segments transferred through the MAB program and effects detected in the BC 1 S 1 _AE validation population. Note: The markers indicated in bold were used for controlling the transferred segments. The vertical black arrows indicate the segments transferred. The stars indicate the markers displaying a significant effect on a resistance component through one-way ANOVA ͑for details, see Table 2͒ . The significance values are *: 0.01 Ͻ P Ͻ 0.05, **: 0.0001 Ͻ P Ͻ 0.01, ***: P Ͻ 0.0001. The horizontal black arrows represent the most likely QTL positions ͑Interval Mapping results for the BC 1 S 1 _AE population, Composite Interval Mapping results for the PY population͒. "rec" corresponds to the receptivity, "ind" to the inducibility, "sta" to the stability, and "rri" to the root rot index as defined by Thabuis et al. ͑2003͒ . PY represents the doubled haploid line mapping population and BC 1 S 1 _AE the validation population. The markers are named according to Lefebvre et al. ͑2002͒ and the QTLs according to Thabuis et al. ͑2003͒ . Distances are expressed in centimorgan ͑Haldane͒.
108p, E40M55-105p and E42M55-Fp, were used to assess the presence of the favourable alleles at the QTLs. The RFLP marker TG586 was revealed as described by Lefebvre et al. ͑1993͒ using EcoRI as a restriction enzyme. The other markers provided by the 5 previous AFLP primer combinations and 11 additional ones ͑E37M54, E37M60, E37M62, E38M48, E38M61, E39M48, E39M49, E41M49, E41M51, E43M53 and E45M58͒ were used for the background selection.
For the BC 1 S 1 _AE population, the 3 specific PCR markers as well as 8 AFLP markers generated by 3 primer combinations ͑E37M59, E43M53 and E35M61͒ were assayed. These 8 markers mapped to the confidence interval of the QTLs transferred and were presented on Figure 3 .
For the BC 1 S 1 _EE population, 2 specific PCR markers, that mapped to both regions displaying interactions ͑ASC037 on P5 and ASC035p on P10͒, and the AFLP marker E40M55-104y, that mapped to P10, were assayed.
Statistical analyses
Plant selection
The molecular data from the MAB program were used for selecting plants carrying the donor alleles at the 3 introgressed intervals and displaying the best return to the recipient parent. To estimate more accurately the return to the recipient parent, the precision graphical genotypes were performed using 'MDM' software elaborated by Servin et al. ͑2002͒ which computes the probability of the donor allele presence in each point of the genome. 'GRAFGEN' software was used for 'precision graphical genotypes' design, according to the results of MDM ͑Servin and Hospital, Submitted, http://moulon.inra.fr/~servin/grafgen͒.
Validation of the additive and epistatic QTL effects
The additive QTL validation was performed in BC 1 S 1 _AE by one-way ANOVA where the phenotypic resistance value is explained by a single-marker effect, with PROC GLM of the SAS package ͑SAS Institute, 1989͒. The 11 markers assayed for the validation step were mapped with a LOD threshold of 3 and a maximum recombination rate of 0.3 using 'Mapmaker' software ͑Lander et al. 1987͒. The QTL validation was also performed using Interval Mapping ͑IM͒ method with 'QTL Cartographer' software ͑Basten et al. 1997͒, that provided the most likely position of the QTLs, their effects ͑R 2 ͒ and the additive and dominance effects ͑a, d͒. The dominance ratio |d/a| was also estimated for each QTL. The phenotypic means for the 3 resistance components were computed for each genotypic class using PROC GLM and 'lsmeans' option, and compared using 'tdiff' option with a type I error of 5%. The digenic interaction effect between ASC037 on P5 and 2 markers on P10 ͑ASC035p and E40M55-104y͒ was tested using a 2-way ANOVA in the BC 1 S 1 _EE population with two additive marker effects and an interaction factor between both markers ͑PROC GLM͒. As the 2 markers used for P10 checking were dominant and originated from distinct allelic phases, it enabled to deduce the genotypic class at the P10 QTL ͑in the absence of recombination events͒. The phenotypic means for the 3 resistance components were computed for each genotypic class ͑'lsmeans' option͒ in order to compare the 9 allelic combinations ͑'tdiff' option with a type I error of 5%͒.
Phenotypic analysis of the BC populations
Resistance evaluation of the BC 1 S 1 _AE and BC 2 S 1 populations were performed at 2 different years. Thus the individual plant values were adjusted to the control values ͑PROC REG͒ after checking the variance homogeneity. A one-way ANOVA was performed where the resistance component value of a plant is explained by the single MAB cycle effect ͑PROC GLM͒. The adjusted means per cycle were computed and compared for the 3 resistance components using 'lsmeans' and 'tdiff' options with a type I error of 5%.
The main source of variation affecting horticultural traits was analysed on the data collected from the 4 trials ͑2 years, 2 locations͒ with the following ANOVA model: Pijkl ϭ ϩ Bi ϩ Ljϩ Yk ϩ ͑BX-L͒ij ϩ ͑BXY͒ik ϩ Rijkl ͑PROC GLM͒, where Pijkl is the horticultural trait value of the plant l, Bi the effect of the backcross population i, Lj the effect of the location j, Yk the effect of the year k, ͑BXL͒ij the interaction factor effect between the backcross population i and the location j, ͑BXY͒ik the interaction factor effect between the backcross population i and the year k, Rijkl the residual effect. Trials were also analysed separately, for each location and each year with the following ANOVA model: Pijk ϭ ϩ Bi ϩ bj ϩ ͑BXb͒ij ϩ Rijk ͑PROC GLM͒, where bj is the effect of the block j, and ͑BXb͒ij is the interaction factor effect between the backcross population i and the block j. An effect was declared significant if P Ͻ 0.05. For each backcross generation sample, as for the controls, the means were computed ͑'lsmeans' option͒ and compared ͑'tdiff' option with a type I error of 5%͒.
Results
Optimisation of the MAB strategy
The markers used during the MAB program were those that maximised the probability of recovering the donor favourable alleles at the 3 target regions based on the computations of Hospital and Charcosset ͑1997͒. For the 3 transferred segments, this probability was assessed to 91% for the 1 st MAB cycle; for the 3 MAB cycles, this probability is above 88%. The minimal population size based on the computations of Hospital and Charcosset ͑1997͒ was of 280 plants for a type I error of 1%. The population size was increased to 350 plants during the 3 MAB cycles to enhance the probability of transferring the favourable alleles at the QTLs during the first selection cycle while maintaining a high probability for the next 2 selection cycles. This large population size also enabled an increase in the background selection rate ͑see below͒.
In order to minimise the genotyping effort, a sequential approach in 3 steps was adopted ͑Table 1͒. In a first step, only one marker per QTL was checked. The PCR marker linked to the resistant segment on chromosome P5 was firstly assayed. Only the plants carrying the Perennial allele ͑resistant͒ at this marker were further evaluated with the PCR marker of the P10-QTL. Then, the P5ϩP10-resistant allele plants were screened with the PCR marker of the P2-QTL. In a second step, the AFLP and RFLP markers were assayed on the reduced-size progeny in order to check for the integrity of the transferred segments. This strategy decreased the genotyping effort from 3500 data points ͑10 markersϫ350 plants͒ to 772-844 data points depending on the selection cycle. In a third step, the remaining plants were screened for their return to the recipient parent genome using AFLP markers regularly spread on the genome. After the third step, a single plant was selected and backcrossed to YW.
Effect of the 3 transferred segments
Evaluation of the 3 components of resistance to P. capsici showed that the means of the BC 1 S 1 _AE and BC 2 S 1 populations were significantly lower ͑more resistant͒ than YW as a result of the transfer of the resistance factors. The BC 1 S 1 _AE population means were not significantly different from DH285 means while the BC 2 S 1 population was significantly less resistant than DH285. For the standardized resistance values, the BC 2 S 1 population was less resistant than the BC 1 S 1 _AE population for IND and STA, while the means were not significantly different at 1% for REC. However, comparing the top 5% in both validation populations displayed no significant difference.
The QTL detection using both Interval Mapping and one-way ANOVA demonstrated that the 3 transferred segments displayed an effect on the resistance components ͑Table 2͒. The segment on P5 displayed the most important effect on the 3 resistance components. The P2 and the P10 segments displayed both a moderate effect, on REC for the former, on REC by Interval Mapping and on IND by ANOVA for the latter. The favourable allele at P5 originated from Perennial for REC and STA, but from YW for IND. The Table 1 . Number of plants selected at each step of the sequential approach of the 3 MAB cycles Foreground selection on QTL-carrier chromosomes Background selection
Step 1
Step 2 Step 3 favourable allele at P10 originated from Perennial for IND, but from YW for REC. The transferred alleles at the QTLs on P2 and P10 displayed a dominant expression whereas the transferred alleles at the major effect QTL on P5 mostly displayed an additive expression for the 3 resistance components. Plants were arranged in 8 genotypic classes according to their genotypes at P2, P5, and P10-QTL markers. The phenotypic means of the 8 genotypic classes were calculated ͑Table 3͒. The plants possessing the Perennial alleles at the QTLs on P5 showed for REC and STA a significantly more resistant phenotype than the plants carrying YW alleles on P5, but were not significantly different whatever the allelic combination at the 2 other QTLs.
Validation of the epistatic relationship
Epistatic effects due to the digenic interaction between the QTLs on P5 and on P10 were reported in the initial mapping F2 population ͑Thabuis et al. 2003͒. They were validated in the BC 1 S 1 _EE population where the digenic interaction between ASC037 ͑P5͒ and ASC035p ͑P10͒ was found significant for REC ͑Pϭ0.0195, R 2 ϭ9.44%͒ and STA ͑Pϭ0.0347, R 2 ϭ9.40%͒. The comparison of the phenotypic means of the 9 genotypic classes at both segments clearly displayed an additiveϫadditive epistatic effect for REC and STA ͑Figure 4͒. The Perennial homozygous genotypes at both QTLs significantly displayed the most resistant values.
Recovering the recipient parent genome
Initiating the MAB from a larger population size than the minimum theoretical size enabled us to apply a significant selection pressure for the background selection step. The number of plants possessing the resistant allele at the markers of the 3 target genome segments varied from 5 to 8 depending on the selec- The stars indicate a significantly different mean from the phenotypic mean of the plant carrying the 3 YW alleles at the QTLs on P2, P5, P10 with a type-I-error of 5%: * 0.01 Ͻ P Ͻ 0.05,** 0.0001 Ͻ P Ͻ 0.01,*** P Ͻ 0.0001. The means indicated with the same letter were not different for a type I error of 5% using the multiple mean comparison performed with Duncan test.
tion cycle, enabling a background selection rate of 1/5 to 1/8 ͑Table 1͒. The use of precision graphical genotypes enabled to estimate accurately the recipient genome contents ͑RGC͒ of the plants. Return to the recipient parent on the non-carrier chromosomes was very efficient as RGC increased from 43.76% in the parental donor line DH285 to 97.66% for the selected BC 3 plant ͑Table 4, Figure 2͒ . The return to YW genome on the carrier chromosomes was significant but lower. It was limited to the extremity of the shorter chromosomes P5 and P10, and more important on the longest chromosome P2 of which 2/3 was estimated to be homozygous for the recipient parent alleles.
Genetic advance for the horticultural traits
Analysis of the whole data set showed a strong location effect ͑15% to 55% of the total variation according to the trait͒ and a year effect ͑5% of the total variation͒. Significant interactions between backcross populations and locations and between backcross populations and years also occurred. Consequently, the 4 trials were analysed independently. For each trial and for all the horticultural traits, the MAB cycle effect was always found highly significant ͑13% to 50% of the total variation depending on the trait͒ whereas the block effect and the interaction between MAB cycle and block was rarely significant or explained less than 1% of the total variation. The genetic advances for 7 horticultural traits evaluated were estimated for each trial ͑Table 5͒. They were all significant and in good agreement across the locations and the years. The strongest improvement was observed for AFW ͑average fruit weight͒ and FS ͑fruit shape͒. Comparing the horticultural advance between the 3 MAB cycles, the improvement toward the large fruited genotype was continuous. The AFW and FT ͑fruit flesh thickness͒ increased significantly, reaching respectively 70 to 73% and 86 to 100% of the recipient parent. The FS and IL ͑internode length͒ decreased more progressively but also reached the values of the recipient parent. As expected, the genetic advance observed in BC 2 was generally larger than that observed in BC 3 .
Discussion
Optimisation of the MAB strategy
Taking into account the confidence intervals of the QTL positions by using several markers contributes to the optimisation for a successful QTL transfer. Hospital and Charcosset ͑1997͒ derived optimal marker positions, but noted that small shifts from this optimal marker spacing in a MAB program hardly decrease the probability of transferring the QTL. They suggested that the number of markers should be large enough with respect to the length of the confidence interval. In the present study, because of a limited choice of markers, markers roughly located in the confidence interval were selected and still proved successful for transferring the 3 segments. Robert et al. ͑2001͒ also displayed a successful MAB program by taking into account the QTL confidence interval. A particular aspect of the present study was the transfer of 2 linked QTLs within a single segment. No optimisation regarding the optimal marker spacing was available in such a case. As these QTLs both displayed a major effect on the resistance ͑Thabuis et al. 2003͒, we considered one single interval controlled by 3 markers to transfer the whole segment.
The population size of 350 individuals used here enabled to perform both efficient control of the QTLs, and efficient background selection, as in the study of , which aimed at transferring in cultivated tomato alleles at 5 QTLs originating from a wild accession were unsuccessful in screening a single plant with the 5 favourable alleles because they used too small population size ͑150 to 273 plants͒.
Increasing the population size drastically increased the genotyping effort. However, the sequential genotyping approach used decreased strongly the experimental expense and proved to be successful for QTL transfer as well as for major genes ͑Frisch and Melchinger 2001͒.
Additive and epistatic effects of the transferred segments
We compared the QTL detection performed in the validation populations and in the DH mapping population ͑Thabuis et al. 2003͒. The larger size of the validation population and the change of genetic background towards YW increased the accuracy of the QTL effect and location estimation, and consequently revealed the true breeding value of the QTLs. The changes in QTL effect and position according to the population size were well illustrated by Melchinger et al. ͑1998͒ that experimentally showed that small population size for QTL detection was responsible for false positive QTL mapping, an overestimation of QTL effect and to biases in QTL positions. Considering the 2 linked QTLs located on P5 in the DH mapping population, only a single QTL was re-detected in the BC 1 S 1 _AE population. This resistance factor still displayed a strong effect on all the resistance components. It remained located in the same genomic region as in the DH mapping population. The minor effect QTLs on P2 and P10 were also re-detected in the BC 1 S 1 _AE population, although their R 2 values were lower. A distinct position was detected for the QTL mapped on P2. Such differences observed for QTL effects and positions could be related to their percentage of return to the recipient parent calculated as 100*͑BC n -DH285͒/͑YW-DH285͒, where BCn, DH285 and YW are the phenotypic values of the corresponding population and genotypes. Genetic advance per cycle calculated as 100*͑BC nϩ1 -BC n ͒/ BC n ; SP02 is the trial performed in Spain in 2002 and IT02 in Italy in 2002. The means indicated with the same letter were not different to the ones from the others for a type I error of 5% using the multiple mean comparison performed with Duncan test. The stars indicate a mean significantly different from the mean of YW: * 0.01 Ͻ P Ͻ 0.05, ** 0.0001 Ͻ P Ͻ 0.01, *** P Ͻ 0.0001, and ns means non significantly different from 'YW' mean ͑P Ͼ 0.05͒. weak phenotypic effects. Discrepancies were observed in the sign of the QTL effects after introgression, when compared to those expected from the initial DH mapping population, as observed by Bouchez et al. ͑2002͒ that inferred the genotype-byenvironment interaction effects. Discrepancies could also be due to the QTL-by-genetic background interaction. The magnitude of the epistatic interaction was also lower in the BC 1 S 1 _EE population compared to the DH mapping population, and the epistatic region on P10 was found at a slightly different location.
The shifts in QTL detection between mapping populations and validation breeding pointed out the necessity of optimisations for the QTL transfer by taking into account the confidence interval. The relatively small population size for the QTL mapping step represented the major pitfall and led to a 'cautious optimism' regarding marker-assisted selection ͑Young 1999; Dekkers and Hospital 2002͒ . This cause might explain the inconsistent results reported for several QTL validation studies ͑Han et al. 1997; Toojinda et al. 1998; Romagosa et al. 1999; Zhu et al. 1999͒ . 
Effıciency of the return to the recipient parent
The necessity to retain the plants carrying all the transferred segments slowed down the return to the recipient parent genome. After only 3 MAB cycles, all the non-carrier chromosomes were converted to the recipient genome. Hospital and Charcosset ͑1997͒ showed that the background selection is efficient until the third backcross generation and that the gain would be limited to the carrier chromosomes in the next MAB cycles. However in our study, the few plants retained from the foreground selection step did not permit to accelerate the return to YW on the QTL-carrier chromosomes. To achieve this objective, a population size up to 600 or 800 individuals would be necessary according to Hospital and Charcosset's simulations ͑1997͒.
A significant return to the recipient parent was observed along the 3 MAB cycles. In the BC 3 population, the horticultural fruit traits recovered on average 70% to 100% of YW values displaying the phenotypic impact of the marker-assisted selection for the genetic background. Similar results were obtained with molecular data with 25.55% of YW alleles over the QTL-carrier chromosomes and 97.66% over the non-carrier chromosomes, averaging 79.63% of YW alleles over the whole genome ͓͑3*25.55ϩ9*97.66%͔/12͒.
For AFW, a significant difference with YW still occurred in BC 3 with an average value of 70.34% of the recipient parent. This slow genetic advance could in part be explained by the co-location observed between the transferred resistance QTL on P10 and a QTL involved in fruit weight ͑Ben Chaim et al. 2001͒ . This antagonism was highly likely to occur in our cross since the small-fruited parent is the same in both studies. However, this fruit weight QTL was shown to display a moderate effect that should weakly affect the horticultural advance. This suggests that the effect of this fruit weight QTL was higher in the recipient parent YW or that other unfavourable linkages occurred on P2 and P5. From this program, NILs ͑near-isogenic lines͒ for each of the resistance QTLs were produced. Additional markers will be located in those genomic regions in order to develop fine mapping experiments of the major P5-QTL and to analyse linkage with horticultural traits.
